An intensity peak associated with fiber bending could be detected thanks to the use of an ultra-high-resolution photon-counting optical time domain reflectometer (OTDR) setup. The peak intensity is shown to be dependent on the curvature radius and angular distance of the bend. To account for such peaks, we propose a model based on modal mismatching and coupling inside the bend region and show that the model is highly consistent with the acquired data. Combining the information of the bend peak and bend loss, and taking advantage of the high dependence of the peak value with the local modal field parameter, the technique could be employed as an optical fiber local-parameter characterization method.
INTRODUCTION
Bend losses have attracted great attention since the initial developments of fiber optic communications, especially in longdistance applications where the accumulated bend losses over the link can seriously impact the power budget. Many theories sought to explain the phenomenon assuming that the fields at a bend can be approximated by those of a straight fiber (the so-called "pure bend loss") with a redistribution of energy due to mode coupling in the transition region between infinite and finite curvature radius (the so-called "transition loss") [1] [2] [3] .
Even though such bend losses have been extensively studied, an effect not yet explored by the theoretical models is that of the apparent reflection peak in the OTDR profile in the event of a bend. The low resolution of conventional OTDRs (in the order of the unit of meters) creates a Rayleigh backscattering level that buries the reflection peaks. For that reason, the phenomenon is scarcely observed.
Zhao et al. [4] developed a 4.0 mm spatial resolution photon-counting optical time domain reflectometer (OTDR) using superconducting nanowire single-photon detectors. They were able to observe what they called a reflection peak from a small fiber coil. Since a model for the said reflection peak has not yet been developed, we propose a non-reflective model based on modal mismatching and coupling inside the bend region. If a peak is generated by reflection, certain structures, such as the connection between two fibers of different numerical apertures, also should yield a peak.
Using the ultra-high-resolution photon-counting OTDR (UHR-ν-OTDR) [5] , we show that this is not exactly the case and have performed a detailed study of the bend loss peak culminating in the development of a model that satisfactorily fits the experimental data within the region of acceptance of a few parameters. Even though the model is still descriptive rather than predictive since it depends on adjusting parameters after a measure has been performed, we believe that the technique could be used to characterize local variations of the modal field diameter that are predicted to have great influence on said parameters and, thus, on the bend peak features. Figure 1 depicts the experimental setup of the UHR-ν-OTDR. A semiconductor optical amplifier (SOA) modulated 115 fs wide pulses from an ultra-wideband laser source (UWS) to reduce the pulse repetition rate and satisfy the condition of one light pulse traversing the fiber at a time. This condition is essential for the consistent operation of conventional OTDRs, but has a higher impact on the photon-counting version due to the high sensitivity of the detector employed. Therefore, a high extinction rate optical switch (72 dB at 1550 nm for the employed SOA [6] ) is important. The SOA driver is a high voltage (up to 15 V) adjustable width pulse generator capable of driving the device with 4 ns pulses. Since the traversing optical pulse is much narrower than 4 ns, the ASE generated by the SOA is inherently transmitted along with the probe pulse.
EXPERIMENTAL SETUP
The ASE floor is, however, 10 dB below the pulse peak and has little effect on the achievable spatial resolution of the technique.
The enabling pulses of the SOA driver are generated by a digital delay generator (DDG), which is triggered by the UWS. The same DDG also triggers an InGaAs/Inp single photon avalanche detector (SPAD) with varying delays such as to cover the whole fiber length. Detections are processed by a 115 ps resolution time-to-digital converter (TDC) and sent to a computer that processes the acquired data and composes the OTDR trace based on the number of detections and the position from which they were originated. A variable optical attenuator (VOA) at the SPAD's input guarantees that the power does not exceed the saturation limit so the detector is kept at linear regime [7] . Since the light source is extremely wide in spectrum, tunability is achieved by the use of a narrow bandpass filter at the source's output (BPF).
After amplification by the SOA and filtering by the BPF, the 115 fs pulses originally generated by the UWS in the 1100-1700 nm range are constrained to a spectral width of 1550-1561 nm, which represents a factor of ∼50. Since the available detectors are unable to resolve timing resolutions as low as picoseconds, we assume that pulses entering the fiber are transform-limited pulses and, therefore, ∼5.8 ps wide. The resolution limitation of ∼2.8 cm [5] is imposed by the detector's timing jitter, which depends on the detector's efficiency [8] . To guarantee the best compromise between dark counts and efficiency, the efficiency is set to 15%, yielding a ∼300 ps jitter.
The acquisition is performed in windows that correspond to the gate width of the detector. After triggering the detector, the TDC is started by the DDG and stopped in the event of a detection at the SPAD. The time between the start and stop signals is used to compose the OTDR profile. After sweeping the same window for a pre-defined amount of time (usually revolving around 1 s per window), the DDG is incremented and moves to the next window, advancing the fiber length. Even though the electrical pulse that enables a detection of the SPAD has a flat response during a considerable time parcel, the fact that the efficiency is highly dependent on the above-threshold voltage applied to the APD cause the transients to affect the detection window. To account for that impairing effect, the pulse response was measured (Fig. 2 ) and the flat region selected so detections that occur during the transient could be discarded in a post-acquisition process.
Aiming at the fine control of bend loss measurements, the mechanical setup of Fig. 3 was assembled. We selected poles of different diameters to produce the respective bend losses and they were fixed in a horizontal platform along with a support arm in such a way that the fiber remained in a horizontal plane perpendicular to the pole. The support arm contained a cylinder with a diameter calculated so that no bend loss was induced. A load was connected to the fiber that hangs from the support arm to apply mechanical stress. To guarantee that the stress is equally spread along the fiber, ball bearings are introduced between the pole and the cylinder and their respective supports. This way, the parts move when the fiber's static friction is applied.
By connecting the support arm to a rotating structure at the basis of the pole support, it was possible to vary the curvature length experienced by the fiber. The angle α could be determined as the angle formed by the direction of entrance of the fiber in the pole and its direction of exit. Also, a linear positioner was introduced so different longitudinal positions Fig. 1 . Experimental UHR-ν-OTDR setup. The UWS generates ultranarrow pulses at a high rate (∼6 MHz) so the function of the SOA is to chop a number of pulses, satisfying the condition of one pulse inside a fiber at a time. Falling outside this condition yields inconsistent counting events and corrupts the resulting OTDR profile. Fig. 2 . Enable-pulse response of the SPAD [8] . To measure the time characteristics of the pulse, acquisition was enabled inside a single window and the count events accumulated. Therefore, a noisy component is present even inside the flat region, which can be attributed to the intrinsic relative intensity noise of OTDR measurements and to the statistical noise of the counting process. Fig. 3 . Experimental setup for bend loss measurements. The optical fiber is wrapped and attached to the pole connected to the linear positioner so when it moves, the position of the fiber experimenting curvature is varied. The radius of this pole is carefully selected to be far from the critical curvature radius so as to introduce insignificant loss.
of the fiber could be tested (i.e., the bending position of the fiber could be varied). With this methodology, we were able to determine whether the peak and bending losses suffer from local fiber effects such as the difference of refractive index induced by medium density variation and chromatic dispersion. To eliminate any inconsistency due to different fiber coatings, we used uncoated fibers in all measurements.
RESULTS
Figure 4(a) shows the OTDR trace of a fiber bent by a 4.8 mm radius pole and varying α. In this first set of measurements, the angular distance was varied while maintaining the linear positioner fixed at a given position. The trace clearly depicts an apparent reflection peak associated with the loss. In Fig. 4(b) , the correspondence between the bend loss and of the apparent reflection peak with the angular distance was evidenced. According to [9, 10] , the bend loss should have behaved linearly with α, which is corroborated by the results. The reflection peak, however, was not considered in the theory, and it appeared to saturate when the angular distance grew mainly due to the increasing loss produced by its own curvature. For that, the data was fitted by a decaying exponential function.
When the average power per unit length arriving at the photodetector was considered, we saw how it was possible for the reflection peak to be averaged from conventional OTDR traces. From the results of Fig. 5 , it was clear that the mean value of the reflection peak acquired in different times revolves around 1 dB above the Rayleigh backscattering level for a 7.3 mm radius. This corresponded to an angular distance of 7.3 mm when θ π, as is the case of Fig. 5 , which means that the number of count events is ∼1.14 times greater than the Rayleigh level inside a stretch smaller than 10.0 mm. Assuming a considerable resolution of 1.0 m, the averaging factor of the peak in a conventional OTDR trace is above 10%, which would eventually be inside the noise fluctuation range and, therefore, buried underneath the Rayleigh level.
The results of Fig. 5 show yet another interesting behavior of the bend loss peak. While the loss was considerably well behaved when the longitudinal position of the fiber was varied, the peak varied abruptly. The mean rose when the radius decreased as would be expected, but the fluctuations grew accordingly. This effect made it very difficult to characterize a bend by its reflection peak since a different curvature radius could, in principle, yield the same peak value for a specific fiber position and different longitudinal points would have to be examined to produce a consistent result.
Averaging the peak value for different fiber bending longitudinal positions is impracticable in an installed optical link; therefore, characterizing a bend by its peak would be imprecise. Possession of the results of the bend loss along with those of the peak could, on the other hand, help build a more complete description of the bend. Note that the three measurement sequences for each bend radius in Fig. 5(b) are quite different since the linear positioner is unable to reset the fiber to the same original position. For a fixed longitudinal position, however, the experiment is reproducible when the angular distance is varied.
As observed in Fig. 5 , the bend loss value is relatively stable and could, in principle, be accurately attributed to a curvature radius with a given angular distance. We argue that the slight broadening of the pulse, noticed as the angular distance grows in Fig. 4 , is due to the longer stretch crossed by the light inside Research Article the bend. This behavior can be clearly perceived from the results of Fig. 6 , where different angular distances for the same bend radius were inspected by the UHR-ν-OTDR. As discussed in [4] , the FWHM width of the bend peak is the convolution of the timing jitter and the extended segment of fiber, or angular distance. Therefore, we can determine the angular distance by inspecting the bend region length in the UHR-ν-OTDR profile and measuring the FWHM of the bend peak. The stability of this measurement is intimately related to the stability of our UHR-ν-OTDR. Unless the conditions of the experimental setup (measurement apparatus and fiber-undertest) are under extreme variation, the stability is guaranteed. Once the angular distance is known, the curvature radius can be determined by comparing the total bend loss taken from the OTDR signature with the theoretically predicted loss once we assume, for simplicity, a negligible transition region:
where d θ is the angular distance and α C is the attenuation coefficient along the bend. This coefficient is analytically related to the curvature radius R C as [11] 
MODEL PROPOSAL
An intuitive approach to modeling the apparent reflection peak associated to the bend losses is that of mode mismatch in the transition region between R ∞ and R ∼ R c , where R c is the curvature radius and R ∞ represents a straight fiber. In this context, the reflections would follow Fresnel equations in a reflective interface [12] . If we follow this train of thought, we also would expect a reflection peak associated to the transition between fibers of different numerical apertures such as the standard (STD) and dispersion-shifted (DS) fibers since the fundamental modes in each of these fibers have different characteristics. Nevertheless, measurements of the interface between STD and DS fibers show no sign of reflection peaks when the UHR-ν-OTDR is employed as depicted in Fig. 7 .
We therefore propose a model in which the curvature peak appears due to the modification of the refractive index profile inside a fiber bend [11] that affects the local numerical aperture (NA) and, in turn, alters the Rayleigh capture coefficient (S) [13] . The equation relating S to NA is presented as
where n 1 is the fiber's core refractive index and m depends on the refractive index profile with a typical value of 4.55 [14] . In the proposed model, S rises significantly inside a bend generating a higher level of backscattering power that is only observed as a reflection in the OTDR profile.
Aside from the growth of S, "leaky" modes also can be excited in the core-cladding interface [15] , which, even though experiment greater losses [16] , also can contribute to additional backscattering levels for the fundamental mode. In such case, light coupled to different radiation modes is coupled back to the fundamental mode [17] in a process that can be modeled as an even greater growth of S.
To assess the proposal consistency with the experimental data, an algorithmic routine, described by the chart of Fig. 8 , was devised. The simulation was based on calculating the level of power arriving at the detector of the UHR-ν-OTDR as a function of the distance. The growth of S was modeled as a function of discrepancy between n 1 and n 2 inside the bend by the recalculation of the numerical aperture and by using Eq. (3) . Also, the model took into account an effect mentioned in [3, 17] , where the transition between R ∞ and R R c is smooth. The transition equations are given by 
where L c is the angular distance or curvature length and b is an arbitrary constant that defines the smoothness of the transition. Fig. 6 . Bend peak broadening in function of angular distance (number of turns). The bend peak becomes wider as the angular distance grows, whereas the peak intensity maintains the same value indicating the saturation of the peak. Fig. 7 . UHR-ν-OTDR profile of a segment of DS fiber connected to STD fibers. No reflection peak from mode mismatch at the interface is observed, which indicates that a reflective model for the bend peak is not assured.
The algorithm initiates by inputting the physical parameters of the fiber and, at each iteration (defined by an increment in the position by the value "res"), checks if the present position corresponds to a straight fiber region, a transition region, or a curvature region. In the first case, the parameters were not modified and the respective power received by the detector is proportional to the Rayleigh Capture coefficient and the traversing power decreases according to α s . In the transition and curvature regions, S and α were modified to account for both the redistribution of energy to "leaky" modes and for the change in the refractive index profile. In such cases, the amount of optical power sent back to the detector has two parcels: the "leaky" modes, which experience a modified attenuation coefficient inside the curvature α k ; and the fundamental mode, which experiences the curvature attenuation coefficient as presented in [11] . After all positions are covered, the detector's jitter is included in the data stream.
A feature of the simulated model is that the achieved spatial resolution can be swept up to the value of res, the simulation resolution. Since the maximum spatial resolution achievable is of ∼3 cm, the simulation resolution was set to a tenth of a millimeter. Fixing the spatial resolution of the simulation to different values, makes it possible to determine a minimum resolution required for detecting the bend peak. According to the results of such simulations, depicted in Fig. 9 , this value revolves around 20.0 cm. This ratifies the assumption that conventional OTDRs are unable to observe bend peaks due to resolution limitations. The curvature radius used in the simulations of Fig. 9 was set to 6.0 cm since it is equally spaced from the radii used in the experiments (4.8 and 7.3 mm) and, therefore, the peak would have to be visible at least within the UHR-ν-OTDR resolution.
In Fig. 10 , the results of experimental and simulation data for the parametric plot of bend and peak values with varying b and fixed α k is presented. The value of α k , associated to the radiating modes inside the bend, has been empirically selected to adjust the simulation results at α k 322 dB∕m which is within the accepted values as reported in [18] . Also, the adjusted values of the parameter b, which dictates the smoothness of the transition region, are similar to those published in [3] . As expected, the loss varies linearly with the angular distance and its magnitude rises when the curvature radius is reduced. This characteristic is expected from both the bend loss model of [11] and the presented experimental results. In case of the peak magnitude, the model accompanies the saturation behavior observed in the experimental data. This effect is observed due to the higher loss experienced by the field inside the fiber bend that attenuates both the "leaky" and fundamental modes at a higher rate than the Rayleigh capture coefficient rises thus preventing the bend peak to rise indeterminately. Fig. 8 . Simulation chart of the developed algorithm for model and experimental data comparison. The value of L pulse determines the simulation spatial resolution. Since the maximum achievable resolution of the UHR-ν-OTDR is 2.8 cm, the value of res is set as 0.1 mm for all simulation runs. Fig. 9 . Results of OTDR simulation with varying resolution. The simulation uses a spatial resolution as high as the UHR-ν-OTDR resolution of 2.8 cm [5] and as low as 30 cm. In this region, the bend peak is less perceptible as the resolution is diminished. Above a 20 cm resolution, the bend peak is no longer observed. Fig. 10 . Experimental and simulation data comparison for the parametric plot of bend and peak values with varying b and fixed α k (α k 322 dB∕m). The bend radius is 7.3 mm. The model accurately fits the experimental data behavior for both peak and loss when the angular distance is swept. Selecting the free parameter values that best describe the observed bend is crucial to determine the local variation of optical fiber parameters. All the values of b and α k 322 dB∕m are consistent with previsions of [3, 18] .
The parameter b, however, important outside the saturation region of the peak intensity, has no influence on this saturation value, which is governed by α k . As b decreases, the transition region is diminished and both peak and loss rise more abruptly. For that, the resulting intensity peak, which is directly proportional to the peak and inversely proportional to the loss, also diminishes causing the left-side tale of the parametric plot to be affected and shifted down in the intensity scale since the loss coefficient rises more sharply than the Rayleigh capture coefficient. Figure 11 depicts several parametric plots of the peak intensity for different values of α k within the accepted values of [18] and a fixed value of b (b 1032 for a 4.8 mm bend radius and b 450 for a 7.3 mm bend radius).
The investigated bend peaks present some characteristics that are related to important experimental parameters such as the employed spatial resolution and the bend's angular distance. As the curvature radius decreases, the bend peak has a tendency to increase. Also, it becomes spatially narrower, which can be perceived in the UHR-ν-OTDR profile since a shorter fiber length participates in the bend. When the angular distance decreases, the peak would also get spatially narrower, but its value would decrease since a longer angular distance corresponds to higher peaks. As we have stated, the relationship between the spatial resolution and the peak width determines whether the peak becomes visible or ends up buried underneath the Rayleigh level. Following this reasoning, as the curvature radius is decreased, with a fixed resolution and a fixed angular distance, the peak value should rise briefly and then decrease, not only because of its respective narrowing but also because of a higher associated attenuation.
CONCLUSION
Intensity peaks in an OTDR profile associated to fiber bending were extensively studied by an UHR-ν-OTDR. A model based on the variation of the Rayleigh Capture coefficient was drawn and shown to satisfactorily reproduce the experimental results.
The peak and loss variations as a function of the longitudinal position of the fiber submitted to the curvature can be attributed to the variation of optical parameters such as modal field diameter, difference of refractive index and chromatic dispersion along the fiber. These are parameters which have been shown to vary locally, but the techniques employed in the measurements were dependent on the pulse width and so it remains to be seen if their meter-scale variation is, in fact, a centimeter or even millimeter-scale variation. The presented methodology, therefore, has a direct application on the measurement of local variations of the mode field radius since the observed peak is highly dependent on this parameter.
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